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Computational Methods

All density functional theory calculations were performed using Gaussian 09 Rev B.01
software on the DelftBlue supercomputer at TU Delft." The hybrid PBEO functional was
employed with the def2-SVP basis set for geometry optimization and frequency analysis,
while the def2-TZVPP basis set was used for higher-accuracy electronic energy
calculations.?* A cluster model approach was adopted, with peripheral atoms of silver
and carbon materials frozen during optimization.>® The selected basis sets automatically
incorporated Stuttgart small-core pseudopotentials for silver atoms, effectively reducing
the number of explicit electrons in calculations while accounting for scalar relativistic
effects at negligible computational cost.” Convergence of self-consistent field (SCF)
iterations was assisted using a 0.5 Hartree energy level shift. Dispersion interactions
were treated with Grimme's DFT-D3 method (Becke-Johnson damping version) for
improved accuracy.® Thermal corrections were computed via Shermo 2.6 software,
applying Grimme's quasi-rigid rotor harmonic oscillator (QRRHO) treatment to low-

frequency vibrational modes.%°

Post-processing analyses including independent gradient model based on Hirshfeld
partition (IGMH) and density of states (DOS) calculations were conducted using Multiwfn
3.8(dev)."™3 Structural visualization and rendering utilized Visual Molecular Dynamics
(VMD) 1.9.3. The thermodynamic corrections include zero-point energy (ZPE) and
temperature-dependent contributions to thermodynamic properties. For instance, the

correction to Gibbs free energy follows the expression:

Georr = ZPE + AGo.-298¢



For each species, the Gibbs free energy was obtained by summing the high-accuracy
electronic energy (computed with Gaussian 09) and the thermodynamic corrections

(calculated using Shermo), expressed as:

G =Eeie + Georr

For surface-SO. interactions, where no electron or proton transfer is involved, the

adsorption energy was calculated directly as:

AGad = Gsurface+302 - Gsurface = GSOZ

For *SOOH, the situation is more complex. Following Ngrskov's methodology,’ we
consider the influence of external voltages and proton transfer effects through the

following approach:

AGag = Gsurtace+soot = Gsurface - Gsoz - 1/2GH2 + eU - 2.23 kT*pH

Experimental Section

Chemicals and materials

All chemical were used as received without further purification. Electrolytes and 1 M HClL
solutions were prepared from ultrapure water (Milli-Q 1Q 7000, 18.2 MQ-cm). Urea
(CN2H40, 99%), sodium hydroxide (NaOH, 98%), potassium bicarbonate (KHCOs,,
99.95%) and Nafion perfluorinated resin solution (5 wt.% in lower aliphatic alcohols and
15-20% water) were purchased from Sigma-Aldrich. Hydrochloric acid (HCL, 37%), and
isopropanol (C3HsO, 99%) were obtained from VWR International. Carbon paper (Toray,
TGP-H-60) was purchased from Thermo Scientific Chemicals, while the silver foil (25 x 25

x 1 mm, 99.995%) and the platinum foil (25 x 25 x 0.1 mm, 99.99%) were purchased from
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MaTeck GmbH. The carbon gas diffusion layer (GDL, Sigracet 39BB) and platinized
titanium screen were purchased from Fuel Cell Store. Silver nanoparticles (Ag NP, 99.9%,
20 - 40 nm) were purchased from Thermo Scientific Chemicals. Iridium oxide

nanoparticles (IrO, NP, 99.99%) were purchased from Alfa Aesar.

Catalyst preparation

The activated nitrogen-doped biochar (ANBC) catalyst was synthesized using a one-step
pyrolysis method.'® In brief, the received sugarcane bagasse (Maharashtra, India) was
thoroughly washed three times with ultrapure water to eliminate any dust and gravel
impurities from the raw materials and then dried in an oven at 105 °C overnight. Once
dried, the sugarcane bagasse was finely ground and sieved to obtain particle sizes of
smaller than 425 pm before use. Subsequently, 5 g of sugarcane bagasse powder, 10 g of
urea, and 15 g of sodium hydroxide (NaOH) were combined in a crucible in a mass ratio
of 1:2:3. The mixture was stirred for 30 minutes to ensure homogeneity before being
transferred to a muffle furnace. The furnace was heated to 800 °C at a ramping rate of 10
°C/min under a N, atmosphere (100 sccm, 99.99%, Linde Gas), where it was held for 1 h.
After naturally cooling down to the ambient temperature, the obtained product was
washed with 1 M HCl at 60 °C for 4 hours to eliminate sodium-containing salts and other
impurities. Afterwards, the product was rinsed and filtered thoroughly with ultrapure
water until the washing effluent reached a neutral pH. Finally, the resulting black powder
was collected and dried at 105 °C for 12 h and the obtained catalyst was designated as

activated N-doped biochar (ANBC).



Characterization

The morphology of the ANBC powder was visualized using a JEOL JSM-6500F scanning
electron microscope (SEM) operating at an acceleration voltage of 15 kV, equipped with
an energy-dispersive X-ray spectroscopy (EDX) detector (Ultradry, Thermo Scientific). The
microstructure of ANBC was further investigated by transmission electron microscopy
(TEM) with a JEOL JEM1400 microscope operated at 120 kV. TEM specimens were
prepared by mixing the ANBC sample with isopropanol, followed by ultrasonic dispersion
for 15 minutes. The resulting suspension was then deposited onto a copper TEM grid
coated with a lacey carbon film. The specific surface area and porosity of ANBC were
characterized by isothermal N, adsorption-desorption at 77 K, using a Micromeritics
TriStar 1l 3020 instrument. The sample was degassed at 300 °C for 15 h before
measurement. The specific surface area (Sger) of ANBC was calculated using the
Brunauer-Emmett-Teller (BET) equation, while the pore size distribution plot was
obtained by applying the Density Functional Theory (DFT) method. The surface area (Smicro)
and volume (Vmicro) Of micropores were assessed by the t-plot method. The total pore
volume (Vo) Was calculated by single-point adsorption total pore volume analysis. The
crystal structure of the ANBC was performed using an X-ray diffractometer (Bruker AXS
D2 Phaser) with Cu-Ka radiation (A = 0.15406 nm). The scanning 26 angle range was set
between 10.0° and 80.0° with a step length of 0.020°. Raman spectrum of ANBC was
recorded from 500 to 3000 cm™ on a LabRAM HR Evolution microscope (Horiba Scientific)
with an excitation wavelength of 514 nm. The surface chemical compositions of ANBC
were investigated by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific

K-Alpha system with an Al Ka X-ray source (1486.6 eV). The C 1s peak position at 284.8



eV was used as an internal standard. CasaXPS (Version 2.3.22PR1.0) was used for the

further elementalidentification and peak deconvolution.

Additionally, SEM and XPS analyses were conducted on both the drop-cast ANBC
electrodes and silver foil electrodes before and after electrolysis to characterize any
morphological and compositional changes in the electrodes. All measurements were

executed under the same conditions as previously described.

Electrode preparation

The working electrodes for H-cell measurements were prepared using a drop-casting
method. 4 mg of ANBC powder was dispersed in a solvent mixture containing 950 pL
isopropanol and 50 pL of 5 wt.% Nafion perfluorinated resin solution. The mixture was
ultrasonicated for 1 h to obtain a homogeneous ink. Afterwards, 10 pL of the ink was drop
casted on a1 cm?round-shaped carbon paper and thoroughly dried at room temperature.
The drop-casting procedure was repeated 4 additional times, resulting in a final catalyst
loading of approximately 0.2 mg/cm?. A platinum foil was used as a counter electrode,
which was flame annealed at least three times to eliminate any possible impurities
before use. A leak-free Ag/AgCl electrode (Innovative instrument, LF-1-45) was used as
the reference electrode. The reference electrode was checked before every experiment
by comparing with a master Ag/AgCl reference electrode (BASi, MF-2056), which is kept
in a pristine working condition and never used for any experiment. The potential drift of
the test reference electrode against the master reference electrode was measured by an

open circuit potential (OCP) test, ensuring that the drift value remained below 5 mV.



For comparison, a silver foil was also employed as a working electrode. Prior to each
measurement, the silver foil was mechanically polished twice with a 1 ym diamond-
based suspension (MetaDi supreme, Poly, 1 um, Buehler) to achieve a mirror-like finish,

followed by sonication in isopropanol and ultrapure water to ensure cleanliness.

Electrodes for MEA reactor measurements were fabricated via a spray-coating technique.
In a typical procedure, 20 mg of catalyst (ANBC or Ag NPs for the cathode, and IrO, NPs
for the anode) was dispersed in a mixed solvent comprising 475 pL of isopropanol, 475
uL of deionized water, and 50 pL of a 5 wt.% Nafion solution. Each mixture was sonicated

for 1 hour to form a homogeneous catalyst ink.

The ANBC and Ag NP inks were spray-coated onto a preheated carbon gas diffusion layer
(2.25 cm x 2.25 cm) maintained at 100 °C, using a handheld airbrush (Conrad HP-101)
equipped with a 0.3 mm nozzle and high-purity nitrogen (99.99%, Linde gas) as the carrier
gas. Similarly, the IrO; dispersion was deposited onto a3cm x 3cm x 0.025 cm platinized
titanium mesh. Prior to coating, the titanium mesh was sequentially ultrasonicated in
acetone, ethanol, and deionized water to remove surface contaminants. All electrodes
were weighed before and after spraying to determine the catalyst loading accurately. The

final loadings were 0.2 + 0.02 mg/cm? for the cathode and 1.0 £ 0.1 mg/cm?for the anode.

Gas mixer

A gas mixer (Environics® Series 4020) was used to generate the gas mixtures for the
electrochemical measurements. The mass flow controllers and gas lines in the gas mixer

were coated with SilcoNert® and sealed with Kalrez® to prevent corrosion from SO, gas.



Two standard gas cylinders with known concentrations of SO, (100 ppm and 10000 ppm,
balanced by CO,, Linde Gas) were used to generate the desired concentrations (100 ppm,
1000 ppm, and 10000 ppm) of SO, by diluting with CO, (99.999%, Linde Gas). The
detailed information about the gas mixtures for electrochemical measurements are

listed in Table S2.

Electrochemical measurements

Allworking electrodes were evaluated in a two-compartment compact H-cell (Figure S8),
which was designed by Lobaccaro and co-workers.” Each compartment contained 1.8
mL of 0.1 M KHCO; as the electrolyte and the cathode and anode chambers were
separated by an anion exchange membrane (Selemion AMV, AGC Engineering). Before
each measurement, the cathodic compartment of the H-cell was purged with pure CO,
or CO; mixed with varying concentrations of SO, impurities for 15 minutes to ensure
saturation of the catholyte. The pH values of different gas mixtures-saturated electrolytes
are listed in Table S3. Electrochemical measurements in this study were conducted using
an SP-200 potentiostat (Biologic). All potentials measured in this study were converted
to the reversible hydrogen electrode (RHE) scale according to the formula: E (V vs. RHE)
=E (Vvs. Ag/AgCl) + 0.197 + 0.059 x pH. Linear sweep voltammetry (LSV) measurements
were recorded in various gas mixtures-saturated 0.1 M KHCO; electrolytes at a scan rate
of 5 mV/s, spanning potentials from -0.1 to -1.3 V vs. RHE. Chronoamperometric
electrolysis measurements were carried out at different applied potentials from -0.7 to -
1.3 V vs. RHE and each potential was applied for 1 h. During the chronoamperometry

tests, CO, or CO, mixed with different concentrations of SO, impurities were purged
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continuously into the catholyte with a flow rate of 10 sccm controlled by a mass flow
controller. The faradaic efficiencies (FEs) and current densities for various gas products
during the 1-hour experiments were calculated based on average values obtained from
the data collected between 42 and 54 minutes. For the 8-hour experiments conducted at
-1.0 V vs. RHE, the continuous flow rate was maintained at 10 sccm and the FEs were

reported every 20 minutes, utilizing the average values from each interval.

The high current density electrolysis tests were conducted in a membrane electrode
assembly (MEA) electrolyzer featuring an active area of 5 cm? and a serpentine flow field
(Dioxide Materials; titanium anode, 904L stainless steel cathode). The MEA was
constructed by sandwiching a 5 cm x 5 cm anion exchange membrane (PiperlON, 20 um
thickness) between the as-prepared cathode and anode, followed by securing the

assembly with eight bolts tightened to a torque of 2.5 Nm.

Priorto entering the cathode compartment, the reactant gas (CO, mixture containing 100
ppm SO,) was humidified by passing through a humidifier at a flow rate of 20 sccm. The
humidifier, filled with 5 mL of Milli-Q water, was pre-saturated for 30 minutes with a CO,
mixture containing 100 ppm SO; before each experiment. The anode compartment was
continuously fed with 1 M KHCOj; solution at a flow rate of 5 mL/min using a peristaltic
pump. A liquid trap was installed near the gas outlet of the electrolyzer to capture any
condensed liquid products or moisture, thereby preventing interference with

downstream gas chromatography measurements (Figure S19).
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Product detection

An in-line gas chromatograph (Compact GC 4.0, Global Analyzer Solutions), equipped
with one flame ionization detector (FID) and two thermal conductivity detectors (TCD),
was used to quantify the gaseous products every 2 minutes. The gas chromatograph (GC)
was calibrated by using five calibration gas cylinders with different concentrations of 50,
100, 1000, 3000, and 8000 ppm of each gas component (H,, CO, CH, and C,H.,). The
calibration curves of H,, CO, CH,, and C,H, are shown in Figure S9. The liquid-phase
products were collected at the end of the CO,RR measurements and quantified using a
high-performance liquid chromatograph (HPLC, Agilent 1260 Infinity), which was
equipped with two Aminex HPX 87-H columns (Bio-Rad). The column oven was
maintained at 60 °C constantly, using a 1 mM H,SO, aqueous solution as eluent with a
steady flow of 0.6 mL/min and using a refractive index detector (RID) for the product
detection. lon Chromatography (IC, Thermo Fisher Scientific) equipped with a Dionex
lonPac AS14A or a Dionex lonPac AS22 column was applied to identify the existence of

various anions, such as formate, sulfite and sulfate.
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N-doped carbon Ag catalyst
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Figure S1. IGMH analysis of the adsorption configurations.
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N-doped carbon Ag catalyst
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Figure S3. A comparison of CO, and SO, adsorption modes and AG,sadsorption energies
on three potential active sites of N-doped carbon catalysts, namely pyridinic nitrogen,

graphitic nitrogen and carbon defects, and on the Ag(111) surface.
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N-doped carbon Ag catalyst
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Figure S4. IGMH analysis of the adsorption configurations of CO, and SO, on N-doped
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Ag(111) surface.
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Figure S5. (a) XRD pattern and (b) Raman spectrum of the ANBC catalyst.
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Figure S12. Post-electrolysis catholytes collected from control experiments with

different ANBC electrodes.
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Figure S14. (a) SEM image and (b) S 2p XPS spectrum of ANBC electrode after 8 hours of

continuous electrolysis with 100 ppm SO, at-1.0 V vs. RHE.
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Figure S15. (a) SEM image and (b) S 2p XPS spectrum of fresh Ag foil electrode.
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Figure S16. (a) SEM image and (b) S 2p XPS spectrum of Ag foil electrode after 8 hours of

continuous electrolysis with 100 ppm SO, at -1.0 V vs. RHE.
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Figure S17. S 2p XPS spectrum of (a)ANBC and (b) Ag foil electrodes after 1 hour open-

circuit test with CO2 + 100 ppm SO..
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Figure S$18. Faradaic efficiencies and jco during 4-hour tests for (a) ANBC and (b) Ag foil
electrodes at-1.0Vvs. RHEina CO;saturated 0.1 MKHCO;+ 25 mM K,SO; + 25 mM K,SO,

electrolyte.
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Figure S$19. (a) Schematic illustration of the MEA reactor; (b) Cross-sectional view of the
MEA configuration; (c) Diagram of the experimental setup for high current density CO,

reduction measurements.
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Figure S20. lon chromatography results of post-reaction anolytes from the (a) ANBC and
(b) Ag NP electrodes after CO2RR for 1, 2, 3, and 9 hours electrolysis at 100 mA/cm?in the

presence of 100 ppm SO.,.

Note: The IC measurements in this figure were performed using an Dionex lonPac AS22
analytical column due to replacement of the previously used Dionex lonPac AS14A
column after maintenance. As a result, the chromatographic method was adjusted
accordingly, leading to a longer analysis time (~15 min) compared to the previous
measurements (~10 min, Figure S10). This change does not affect the qualitative or

quantitative interpretation of the detected ionic species.
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Table S1. Impact of SO, impurity on CO, electroreduction performance and catalyst

Reaction
Electrode duration Post-
Feed gas Catalyst Reactor area Membrane | Electrolyte with Performance reaction Ref.
. , Catalyst
impurities
Ag,S
FEco decreases g .
Ag formation
from 90% to 72%
on surface
SnS
o FEncoo. decreases format?on
1% SO in from 79% to 52%
co, on surface
FEcons decreases
from 19% to 0 % CuzS
Cu 3- formation
Comparment 1cm? FAA-3 1MKHCO; | 30 minutes | FEncoo- increases | 4 surface 18
flow cell from 13% to 35%
No signifi t
Ag o significan )
change
No significant
0.01% SO, | Sn Chgan : i
in CO, g
Cu,S
cu FEcons decreases formaztion
from 15% to 4%
on surface
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FEhcoo. increases
from 16% to 42%

FEcons decreases

0.1% SO, in from 17% to 0% Cu.S
Cu formation
CO: FEncoo. increases on surface
from 9% to 36%
Total FE Cu surface
1% SO,in . 0.5M .
co Cu H-Cell 2 cm? Nafion KHCO 2 hours decreases around remains 19
2 ¢ 16 -43% shiny
10 ppm SO,
in a dilute
CO, stream FEc,-decreases
(50%, from 64% to 36%
balanced
with N,)
X37-50 0.1M
C MEA 1cm? 2 hours 20
100 ppm ! Sustainion | KHCO: y
SOzina
dilute CO
2 FEc..decreases
stream -
from 64% to 20%
(50%,
balanced
with N,)
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400 ppm

SO,ina FEc..decreases
dilute CO, from 64% to 23% Cu,S
stream after 10 minutes formation
(50%, and further on surface
balanced decreasesto 11%
with N,)
. 0.5M No significant
B|203 -
KHCOs; for change
catholyte;
3-
Sﬂi:gn& Comparment 10 cm? Nafion 117 1 M KOH 20 hours o 2
Ag flow cell for anolyte No significant i
change
(Single
pass)
0.5M
KHCOs for FEc..decreases
3. catholyte; from 24.8% to 7%
201 ppm Cu Comparment 10 cm? Nafion 117 1 M KOH 6 hours ; - 2
S0O,in CO, FEuncoo- increases
flow cell for anolyte from 10.2% to
(Single ~30%
pass)
90 ppm SO, FEhcoo-
and 15% SnSy Flow cell 2 cm? Nafion 1 M KOH 8 hours remains >70% - =
COzin N, within 8 hours
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FEhcoo- remains

CUQS

Sn/Cu-f 18 hours ~80% within 18 formation
800 ppm 0.1 M hours on surface
PP H-Cell 0.5cm? | Nafion 117 24
SO, in CO, KHCO; FErcoo. remains
Bi/Cu-f 50 hours ~80% within 50 -
hours
0.3% SO
° § FEco decreases
and 16% from 95% to 70% )
CO,in N, 0 0
0.6% SO
° 2 FEco decreases
and 16% from 89% to 30% )
CO,in N, 3 ’ ’
0.9% SO, Ni-NC | Comparment 1cm? Nafion 117 1M KOH 1 hour “E decreases %
and 16% flow cel from 70% to 60% )
CO,in N, 0 0
El tS
1.2% SO, emerll
FEco decreases formation
and 16% from 52% to 40% on the
COzin N, 0 0
surface
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Table S2. Gas mixtures for electrochemical measurements.

Recipes (sccm)

Total flow CO, +
Gas mixtures for CO, +
Gas cylinders rate 100
measurements CO: 10000
(sccm) ppm
ppm SO,
SO,
CO, CO, 10 0 0
CO,+100 ppm SO, CO,+ 100 ppm SO, 0 10 0
CO.+ 1000 ppm SO, 10 9 0 1
CO,+10000 ppm
CO,+10000 ppm
SO, 0 0 10

SO,

Table S3. The pH values of different gas mixtures saturated electrolytes.

CO,+100 CO,+ 1000 ppm CO,+ 10000 ppm

CO;
ppm SO, SO, SO,
Saturation
15 min 15 min 15 min 15 min
time
Gas flow rate 10 sccm 10 sccm 10 sccm 10 sccm
pH 6.80 6.78 6.75 6.72
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Table S4. Standard reduction potentials for electrochemical CO, reduction to CO, H,

evolution, and SO, reduction reactions.

Electrochemical reduction reactions E°(Vvs.RHE) atpH=7
CO, +2H*+2e > CO + H,0 -0.106
2H*+2e > H, 0
SO, +4H* + 4e-> S + 2H,0 0.451
SO, + 6H* + 6e > H,S + 2H,0 0.347
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